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Cross-resistance to prosulfocarb and triallate
in pyroxasulfone-resistant Lolium rigidum
Roberto Busi∗ and Stephen B Powles
Abstract
BACKGROUND: Plants can rapidly evolve resistance to herbicide in response to repeated selection. This study focuses on
cross-resistance patterns observed in Lolium rigidum following pyroxasulfone recurrent selection.
RESULTS: The parental MR (multiresistant) population following four generations of pyroxasulfone recurrent selection evolved
cross-resistance to prosulfocarb and triallate. At the recommended label rate of prosulfocarb or triallate (2000 g ha−1 ), the
progeny selected four times with pyroxasulfone (MR4) displayed 58 and 35% plant survival respectively. One additional cycle of
prosulfocarb selection increased the resistance level to both prosulfocarb and triallate in the population MR4-P1. Prosulfocarb
resistance is yet to be reported in L. rigidum field populations.
CONCLUSIONS: This study suggests that L. rigidum plants can rapidly evolve cross-resistance to several wheat-selective
herbicides under recurrent selection of a single mode of action. Weed populations displaying broad-spectrum cross-resistance
to several herbicide modes of action are increasing in frequency in intensive world agriculture. Proactive and integrated
measures for resistance management need to be developed globally on appropriate herbicide use in crop rotations.
c 2013 Society of Chemical Industry
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1

INTRODUCTION

The evolution of herbicide-resistant weed populations is a
significant issue in global agriculture.1,2 High reliance on herbicides
for weed control has resulted in herbicide resistance evolution
in more than 200 weed species in many agroecosystems.3 The
response of plant populations to herbicide selection is determined
by interactions between genotypes (i.e. biological and genetic
factors) and the environment (i.e. intensity of herbicide selective
pressure, herbicide mode of action, operational factors, plant
stresses, etc.).4 One of the most resistance-prone weed species is
the genetically variable, obligate cross-pollinated annual diploid
grass weed Lolium rigidum (Gaud.). L. rigidum in Australia is often
present in high densities over vast areas, and herbicide resistance,
since first reported,5 now extends to many herbicides and is
very widespread across Australian grain-growing regions.6 – 9 A
distinctive and adverse feature of resistance evolution in L.
rigidum, at least in Australia, is that cross-resistance10,11 and
multiple resistance across some herbicide modes of action are
common. The recent introductions of the pre-emergence herbicide
prosulfocarb in 200812 and pyroxasulfone in 201213 have provided
an effective tool for control of multiple-herbicide-resistant L.
rigidum populations.14 Prosulfocarb, triallate and pyroxasulfone
are applied preplant and incorporated by crop seeding, are
selective in wheat and induce similar symptoms in treated
seeds preventing seedling emergence.13,15,16 These herbicides are
currently classified as distinct mode of action groups according
to the HRAC classification (see www.plantprotection.org/HRAC),
but similarities in selectivity spectrum and injury symptoms
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induced in grasses are well documented for thiocarbamates
and acetamide herbicides [very-long-chain fatty acid (VLCFA)
inhibitors].17 Triallate and prosulfocarb (thiocarbamates, group N)
inhibit fatty acid elongation and surface lipid (wax) biosynthesis,
whereas pyroxasulfone (isoxazoline, VLCFA inhibitor, group K3 ) has
multiple enzymatic targets within the VLCFA synthesis pathway.13
Busi et al.18 have recently shown that pyroxasulfone resistance
evolution in L. rigidum can rapidly evolve under recurrent
pyroxasulfone selection at below-label doses. In this study, an
investigation was carried out to establish whether recurrent
selection at below-label doses of pyroxasulfone can cause crossresistance to the thiocarbamate herbicides prosulfocarb and
triallate.

2

MATERIALS AND METHODS

2.1 Plant material
The L. rigidum population SLR31 (hereafter referred to as MR) has
an extensive field history of herbicide selection19 and exhibits
multiple resistance to herbicides across different modes of
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action.18,20 This MR population is susceptible to the new herbicide
pyroxasulfone,14 but recurrent exposure to below-label doses
of this herbicide has resulted in resistance evolution.18 This
pyroxasulfone-resistant progeny was selected by four consecutive
generations with pyroxasulfone at 60 g ha−1 (MR1), 120 g ha−1
(MR2), 120 g ha−1 (MR3) and 240 g ha−1 (MR4) and will hereafter
be referred to as MR4. As the pyroxasulfone-resistant progeny MR4
exhibited some degree of prosulfocarb resistance, those plants
that survived a below-label dose of prosulfocarb (30 ± 5% survival
at 1000 g ha−1 ) were selected, and 13 survivors were allowed to
cross-pollinate among themselves and were seed harvested. The
seed obtained from these selected plants represented the selected
progeny MR4-P1.
2.2 Pyroxasulfone, prosulfocarb and triallate
cross-resistance
A preliminary experiment was conducted to assess the response
to the recommended label rate of prosulfocarb, pyroxasulfone
and triallate of the original parental MR population and
each pyroxasulfone-selected or pyroxasulfone- and prosulfocarbselected progeny. For each progeny there were at least 26 seeds
tested with each herbicide at the recommended dose (Fig. 1).
The most resistant progenies were then compared with the
original parental MR in final dose–response bioassays under
identical environmental conditions. Plants were grown during the
normal winter growing season in a natural outdoor environment.
Seeds were germinated on 0.6% (w/v) agar medium and planted
(n = 26 per pot) at the eruption of the primordial root at 0.5 cm
depth in 2 L pots in commercial potting soil (50% peatmoss, 25%
sand and 25% pine bark). After seed transplanting, the pots were
treated with 0, 250, 500, 1000, 2000 and 4000 g prosulfocarb ha−1
or with 0, 12.5, 25, 50, 100, 200 and 400 g pyroxasulfone ha−1
or with 0, 250, 500, 1000, 2000 and 4000 g triallate ha−1 . There
were two replications (pots) per herbicide dose, and each pot
was the experimental unit. Wheat plants (n = 15 per pot) were
also included, as wheat is known to be resistant to prosulfocarb,
pyroxasulfone and triallate. A standard herbicide-susceptible L.
rigidum population (VLR1) was used to verify the efficacy of each
herbicide. L. rigidum plants were grown in optimal conditions and
watered regularly (>80% field capacity). Nitrogen (as NH4 NO3 ) was
applied (50 mg kg−1 ) at weekly intervals over the course of the
experiment. After 21 days, emerged plants were counted to assess
survival. These final dose–response studies were conducted twice.
2.3 Cross-resistance to other herbicide modes of action
An additional study was conducted to evaluate cross-resistance
to several herbicide modes of action in the parental MR
population and selected progenies in MR4 and MR4-P1
(supporting information Table S1). Selective herbicides known
to be metabolised by wheat (chlorsulfuron, diclofop-methyl, Smetolachlor) versus herbicides toxic to and not metabolised by
wheat (atrazine, glyphosate, paraquat, sethoxydim, sulfometuron,
trifluralin) were tested at a discriminative dose (supporting
information Table S1).21 – 23
2.4 Statistical analysis
Following appropriate statistical investigation, datasets of the two
final dose–response studies were pooled prior to analysis. Survival
data were subjected to non-linear regression analysis as described
elsewhere.18,24 The response to selection in the selected progenies
was measured as the resistance index (RI) (the resistant/susceptible
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Table 1. Estimated LD50 values expressed as g pyroxasulfone,
prosulfocarb or triallate ha−1 with standard errors in parentheses
and resistance index (RI). Probability values (P) of difference between
parental and selected populations in response to prosulfocarb were
assessed by the SI function in the drc package in the software program
R v.2.14.1. MR4 was selected 4 times with pyroxasulfone; MR4-P1
received one additional cycle of prosulfocarb selection
Population
Pyroxasulfone
S
MR
MR4
Wheat
Prosulfocarb
S
MR
MR4
MR4-P1
Wheat
Triallate
S
MR
MR4
MR4-P1
Wheat

LD50 (g ha−1 )

RIa

P

17 (1.6)
36 (3.2)
231 (27)
369 (29)

—
2.1
13.6
21.7

<0.01
<0.01
<0.01

386 (118)
469 (92)
2828 (869)
>4000
>4000

—
1.2
7.3
>10.4
>10.4

0.61
<0.01
<0.01
<0.01

316 (35)
613 (80)
1400 (173)
>2000
1747 (193)

—
1.9
4.4
>6.3
5.3

<0.01
<0.01
<0.01
<0.01

a Resistance index is referred to the standard susceptible population
S (VLR1).

ratio) of estimated LD50 values. Statistical difference was assessed
by the SI function in the drc package in the software program R
v.2.14.1. Graphical data are presented as plant survival (%).

3

RESULTS

3.1 Pyroxasulfone, prosulfocarb and triallate
cross-resistance
The MR L. rigidum population is susceptible to pyroxasulfone,
prosulfocarb and triallate (Fig. 1). However, as pyroxasulfone
resistance progressively evolved by low-dose pyroxasulfone
selection (see Busi et al.18 ), a concomitant shift towards resistance
to prosulfocarb and triallate was observed. At each pyroxasulfoneselected generation there was greater plant survival following
treatment with the recommended label dose of pyroxasulfone,
prosulfocarb or triallate (Fig. 1). In the most resistant population
(progeny MR4-P1) there was 77, 81 and 39% survival at the
recommended label rate of pyroxasulfone, prosulfocarb and
triallate, respectively.
Pyroxasulfone resistance was subsequently quantified in the
MR4 population (selected four times with pyroxasulfone) by a
dose–response experiment (Fig. 2A). Pyroxasulfone resistance in
the progeny MR4 was 14-fold greater than in the susceptible
standard population (Table 1). At the recommended field rate
(100 g pyroxasulfone ha−1 ), survival of MR4 plants was 80 ±
6%, compared with 10% observed in the original parental
population MR and only 1% survival of susceptible standard plants
(VLR1 population) (Fig. 2A). Wheat is known to be resistant to
pyroxasulfone, and therefore, as expected, wheat plants displayed
high pyroxasulfone resistance (Fig. 2A, Table 1). Pyroxasulfone
resistance in MR4 was lower than in wheat plants (P < 0.01).
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Figure 1. Plant survival (%) of the standard herbicide-susceptible L. rigidum population VLR1, the MR (multiresistant) parental population and each
pyroxasulfone-selected progeny in response to the recommended dose of (A) pyroxasulfone (100 g ha−1 ), (B) prosulfocarb (2000 g ha−1 ) and (C) triallate
(2000 g ha−1 ). MR1, MR2, MR3 and MR4 were selected once, twice, 3 times and 4 times with pyroxasulfone respectively. MR4-P1 was additionally selected
once with prosulfocarb. Mean values (n ≥ 26) are indicated above each bar, and respective confidence intervals are given in parentheses.

The parental population MR was found to be as susceptible
to prosulfocarb as the standard herbicide-susceptible population
(VLR1) (P > 0.82) (Fig. 2B). However, the pyroxasulfone-resistant
MR4 progeny exhibited cross-resistance to prosulfocarb. At the
recommended prosulfocarb label rate (2000 g ha−1 ) the progeny
MR4 displayed 53% survival. Prosulfocarb resistance in MR4
was seven-fold, in comparison with the susceptible standard
population (supporting information Table 1). Prosulfocarb
resistance further increased under prosulfocarb selection as the
progeny MR4-P1 displayed 77% plant survival at the recommended
field rate (2000 g ha−1 ). At the same prosulfocarb dose, the aboveground biomass was 52% of the untreated control. Prosulfocarb
resistance exhibited by MR4-P1 plants was not significantly
different from that observed in highly prosulfocarb-resistant wheat
plants (P > 0.21) (Fig. 2B, Table 1).
The unselected parent MR was well controlled (only 5% survival)
at 2000 g triallate ha−1 (Fig. 1C). A low level of triallate resistance
was reported in an early study by Tardif and Powles25 for this
population. Here, similarly to that observed for prosulfocarb,
triallate resistance evolution was evident (four-fold) in the progeny
MR4. One further cycle of prosulfocarb selection further shifted the
progeny MR4-P1 towards a greater triallate resistance level (more
than six-fold) (Table 1). Progeny MR-P1 was as triallate resistant as
the wheat crop (P = 0.29) (Fig. 2C, Table 1).
Pest Manag Sci (2013)

3.2 Cross-resistance to other herbicide modes of action
A single discriminative herbicide dose confirmed the population
MR and selected progeny MR4 and MR4-P1 as multiple resistant to
several herbicide modes of action, including chlorsulfuron (ALS),
diclofop-methyl (ACCase), S-metolachlor (VLCFAs) and trifluralin
(microtubule assembly), as previously shown.19,20,25 A common
feature of these herbicides is that they can all be metabolised by
wheat. However, there was no resistance (supporting information
Table S2) to herbicides that are toxic to and cannot be metabolised
by wheat (sulfometuron, sethoxydim, glyphosate, paraquat).

4

DISCUSSION

4.1 Evolution of cross-resistance in L. rigidum
In a previous study the present authors showed that, under
low-dose pyroxasulfone recurrent selection, L. rigidum plants
progressively evolved resistance to pyroxasulfone.18 Here, it is
confirmed that recurrent selection with pyroxasulfone at belowlabel doses has caused the evolution of cross-resistance to
prosulfocarb and triallate (Fig. 1). This is concerning, as these
herbicides are all used to control L. rigidum and other grasses.
It is notable that there was no cross-resistance to herbicides
that cannot be metabolised by wheat, thus indicating that
cross-resistance to pyroxasulfone, prosulfocarb and triallate is
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Figure 2. Pyroxasulfone (A), prosulfocarb (B) and triallate (C)
dose–response study of parental MR L. rigidum population and progenies
obtained by four generations of pyroxasulfone recurrent selection.
Standard herbicide-susceptible population VLR1, dotted line and empty
circles; parental MR, continuous line and solid circles; progeny MR4 selected
4 times with pyroxasulfone (once at 60 g ha−1 , twice at 120 g ha−1 and
once at 240 g ha−1 ), dashed line and empty circles; progeny MR4-P1,
dashed-dotted line and empty diamonds. Wheat crop plants solid squares.
Symbols are mean values of observed plant survival ± SE (n = 4). Lines
represent the fitted log-logistic model.

probably metabolism based. The results reported here are also
similar to those of earlier experiments in which recurrent lowdose diclofop-methyl selection resulted in a clear shift towards
diclofop-methyl resistance and cross-resistance to chemically
dissimilar, wheat-metabolised herbicides.26 – 28 The parental L.
rigidum MR population was originally selected by 20 years of
repeated herbicide field use, which was beneficial for genetic
trait(s) effective against several herbicide modes of action, mainly
through a higher capacity for herbicide metabolism, probably due
to cytochrome P450 enzymes.19,21,25 In the present study it has
been demonstrated that, over three generations, the use of a
metabolisable herbicide (pyroxasulfone) at a low dose enabling
a number of plants to survive (i.e. a minimum of ten selected
individuals at each generation) resulted in cross-resistance to
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several herbicides (see also Busi et al.18 ). In this L. rigidum
population, high-level cross-resistance was evident to all the
wheat-selective herbicides tested.
4.2 Mechanistic basis of cross-resistance
Metabolic herbicide detoxification is a key trait providing the
basis for both cross-resistance in L. rigidum and selectivity in
wheat plants.29 In L. rigidum, cross-resistance to several herbicide
modes of action is often endowed by herbicide metabolism via
enhanced rates of cytochrome P450 enzymatic activity.30 The L.
rigidum population used in this study has shown an enhanced
capacity for herbicide metabolism of sulfonylureas mediated by
cytochrome P450.21,31 However, in this population, P450-mediated
metabolism of the herbicide triallate was not evident,25 whereas
there is some evidence of GST-mediated pyroxasulfone resistance
(Busi R et al., unpublished). In other plant species it appears that
thiocarbamate and acetamide herbicides require the involvement
of P450 and/or GST enzymes.17,32,33 Future research is warranted
to define the biochemical basis of resistance and test whether
more than one mechanism is required to endow cross-resistance
to pyroxasulfone, prosulfocarb and triallate.
4.3 Are evolutionary studies leading to successful
resistance management?
From 2012, three chemically different pre-emergent herbicide
modes of action, pyroxasulfone (VLCFA inhibitor), prosulfocarb
and triallate (lipid synthesis inhibitors) and trifluralin (microtubule
formation inhibitor) can be used in rotation for L. rigidum control
in wheat in Australia. It is emphasised that pyroxasulfone is a novel
pre-emergence herbicide for L. rigidum control that has been
commercialised from 2012 in Australia, United States/Canada and
some other countries. Thus, information regarding the evolution of
cross-resistance to new herbicides is extremely valuable for farmers
and agronomists. Rotation between or mixtures of pyroxasulfone,
prosulfocarb, triallate and trifluralin is recommended as part of an
integrated programme of L. rigidum management. Preliminary
modelling simulations have shown that rotation between
prosulfocarb, pyroxasulfone and trifluralin is probably an effective
measure to delay the evolution of resistance in L. rigidum
populations (Renton M et al., unpublished). However, this study
has shown that cross-resistance across these herbicides can rapidly
evolve in L. rigidum. This capacity of L. rigidum plants to evolve
broad-spectrum resistance, as demonstrated in this and several
other studies focusing on L. rigidum,18,20,26 is a major agronomic
and commercial concern. Resistance mechanisms (genetic traits)
can be easily accumulated in L. rigidum individuals owing to gene
flow through obligate cross-pollination.34 Grass weed species such
as L. rigidum, Alopecurus myosuroides or Echinochloa phyllopogon
possess a large array of genetic traits, which can limit herbicide
damage and contribute to herbicide resistance in plants under
selection.26,35,36 This could explain cases of resistance to similar
herbicide modes of action documented in Alopecurus myosuroides,
Avena fatua, Echinochloa spp. and Lolium spp.12,19,37 – 39 Thus,
herbicide resistance management based on the use of novel
herbicides to control already resistant weed populations is
useful but not a panacea. Proactive and integrated measures
that embrace diversity for the management of multiresistant L.
rigidum need to be instituted. For example, in spite of the high
frequency of multiresistant L. rigidum populations infesting crop
fields, Australian growers have successfully managed herbicide
resistant L. rigidum40 by implementing herbicide (e.g. double
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knock)41 and/or non-chemical strategies to control herbicideresistant weeds (e.g. weed seed control at harvest).42,43 This
recurrent selection study has made it possible to correlate the
effects of repeated herbicide selection and the potential for
evolved cross-resistance in the target weed L. rigidum. A greater
evolutionary focus in herbicide resistance research could lead to a
greater overall understanding of the dynamics and factors involved
in resistance and cross-resistance evolution.44 Thus, the authors
believe that recurrent selection studies can raise awareness of the
rapid evolution of resistance in weeds and thus help to design
effective strategies for proactive resistance management. The
adoption of integrated weed management strategies is equally
vital to sustaining herbicide longevity in global agriculture.
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